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Previewsis, from the outset, a necessary precursor
for border cell expression. Future work
will need to explore the likely intriguing in-
teractions between boundary cells and
grid cells. In adult animals, it is increas-
ingly evident that, like place cells, grid
cells are sensitive to environmental geom-
etry (Barry et al., 2007). Strong new evi-
dence for this influence comes from one
recent report (Stensola et al., 2013, Soc.
Neurosci., abstract) showing that grid
field orientations can be clustered around
common axes in different animals when
recorded in the same environment. An
open question, then, is when does this
link arise developmentally? Is it, as seems
likely, mediated by boundary cells? For
example, can it be disrupted by their
selective inactivation?
In summary, Bjerknes et al. (2014)’s
findings shed new light on the way that
allocentric spatial representation de-
velops in the hippocampal formation.
They indicate that boundary cells provide
early stable cues to location, at a stage of
development when stable place and grid
representations have yet to be estab-
lished. This suggests that the later-maturing place cells and grid cells may
initially depend on early-maturing bound-
ary and HD cells for their allocentric
stability. One interpretation of grid cell
function suggested by this process is
that development of reliable grid fields is
needed to allow the geometry of the
environment to exert its anchoring influ-
ence at locations that are remote from
boundary itself, supporting more central
place fields. Overall, the study provides
a powerful new demonstration of the
value of the developmental approach in
providing causal constraints on interac-
tions between different forms of neural
representation.REFERENCES
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Howdomicroglia regulate synaptic function? In this issue ofNeuron, Zhang et al. (2014) describe a novel form
of long-termdepression of AMPA receptor-mediated synaptic transmission in the hippocampus involving the
activation of microglia.Microglia, the immunocompetent cells of
the CNS, are involved in numerous dis-
eases of the nervous system (Hagberg
et al., 2012; Perry and Teeling, 2013).
In response to insults, they change
from a monitoring to an activated state
in which a major function is the phagocy-
tosis of damaged tissue. Microglia are indynamic contact with neurons, where
they also serve to either promote or
inhibit neuronal survival. One critical
function of activated microglia is to
remove dysfunctional synapses, via a
process termed ‘‘synaptic stripping’’
(Kettenmann et al., 2013). It is likely
that these mechanisms operate both un-der physiological conditions, in particular
for the pruning of superfluous synapses
during development (Paolicelli et al.,
2011; Schafer et al., 2012), as well as un-
der pathological conditions to eliminate
synapses of damaged neurons. Clearly,
a process that functions to eliminate
synapses needs to be tightly regulated.ron 82, April 2, 2014 ª2014 Elsevier Inc. 3
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would lead to devastating effects for
neuronal function. Indeed, there are
good reasons to believe that a dysregu-
lation of this process may lead to aber-
rant synaptic elimination and could
contribute to the early stages of both
acute and chronic neurodegenerative
disorders, such as stroke and Alz-
heimer’s disease (Wake et al., 2013;
Perry and Teeling, 2013). Consequently,
the determination of how microglia
contribute to synaptic elimination is cen-
tral to the understanding of both impor-
tant physiological functions and major
brain disorders. The process of long-
term depression (LTD) results in synaptic
weakening and, if not reversed by, for
example, long-term potentiation (LTP),
can progress to the elimination of syn-
apses. LTD has been extensively studied
both regarding its physiological and
pathological functions. LTD comes in
various forms, the best characterized of
which are triggered by the synaptic or
pharmacological activation of either
N-methyl-D-aspartate (NMDA) or metab-
otropic glutamate (mGlu) receptors (Col-
lingridge et al., 2010).
In this issue of Neuron, Zhang et al.
(2014) have made a significant advance
in the understanding of how microglia
are involved in the rapid regulation of
synaptic strength in response to neuronal
insults. They show that the combination of
hypoxia and an inflammatory stimulus
(lipopolysaccharide [LPS]) results, within
minutes, in LTD in the hippocampus. The
induction of this form of pathological
LTD (pathLTD) involves the activation of
complement receptor 3 (CR3) and nicotin-
amide adenine dinucleotide phosphate
(NADPH) oxidase. The pathLTD is ex-
pressed by the internalization of AMPA
receptors, resulting in a weakening of
AMPA receptor-mediated synaptic trans-
mission. The authors conclude that
this novel form of pathLTD may con-
tribute to memory impairments and
synaptic disruption in neuroinflammatory
brain disorders.
Interestingly, neither hypoxia nor LPS
alone was sufficient to induce LTD.
Hypoxia (8% O2) caused a transient
depression of synaptic transmission,
whereas LPS (10–15 mg/ml) had no effect.
Zhang et al. (2014) pointed out that this
combination mimics the pathological4 Neuron 82, April 2, 2014 ª2014 Elsevier Inccondition, in which inflammatory neurop-
athies are often associated with hypoxia
due to reductions in cerebral blood flow.
They go on to provide an explanation for
the synergy. LPS activates microglial
CR3 receptors to stimulate NADPH oxi-
dase, which in turn results in superoxide
production and release from microglia.
Superoxide then stimulates PP2A within
neurons to drive AMPA receptor endocy-
tosis and thereby reduce synaptic
strength. Hypoxia leads to the formation
of lactic acid, which increases the availa-
bility of NADPH. This synergy is interesting
since it provides a potential explanation
of what may happen in the brain during in-
sults and disease, but it should be noted
that under different experimental condi-
tions, LPS alone can be sufficient to affect
AMPA receptor-mediated synaptic trans-
mission (Pascual et al., 2012). In all likeli-
hood, a myriad of factors may interact
under different circumstances to affect
AMPA receptors and synaptic function.
Cataloging and explaining these will be a
major challenge but essential for under-
standing synaptic function in health and
disease.
Zhang et al. (2014) address the mecha-
nism of expression of the LTD by using a
well-characterized peptide (Ahmadian
et al., 2004) that inhibits AMPA receptor
endocytosis (Collingridge et al., 2010).
They show convincingly that pathLTD
involves the internalization of AMPA re-
ceptors. It is well established that AMPA
receptor endocytosis is important for the
expression of many, but not all, forms of
LTD in the CNS (Collingridge et al.,
2010). Zhang et al. (2014) therefore test
whether their LTD utilizes the same pool
of AMPA receptors as those triggered by
NMDA receptors and mGlu receptors.
They do this by comparing the level of
pathLTD induced in naive neurons, with
the level of pathLTD induced after the
induction of either NMDA receptor-
triggered LTD (NMDAR-LTD) or mGlu re-
ceptor-triggered LTD (mGluR-LTD). Since
the levels of pathLTD were similar in all
cases, this suggests that pathLTD in-
volves a different AMPA receptor pool.
Although this conclusion should remain
tentative until occlusion experiments are
performed on saturated levels of LTD, it
is pertinent to speculate how different
forms of LTD, as defined by their induction
triggers, may target different populations.of AMPA receptors. A possible explana-
tion is compartmentalized signaling,
either involving different synaptic popula-
tions or microdomains within individual
synapses. A contributory factor could be
the role of different phosphatases. It is
established that NMDAR-LTD involves
the Ser/Thr phosphatases PP2B and
PP1, whereas mGluR-LTD involves Tyr
phosphatases, such as STEP (Colling-
ridge et al., 2010). In the present report,
Zhang et al. (2014) present evidence that
pathLTD involves the activation of PP2A
by superoxide. Highly compartmentalized
phosphorylation processes may therefore
determine the pools of AMPA receptors
that are regulated. Further research
aimed at identifying the targets of these
phosphatases during the various forms
of LTD would help with this issue.
Does pathLTD reflect a process that is
entirely pathological and for which
no equivalent mechanism exists under
normal physiological conditions? Or
does pathLTD represent the aberrant acti-
vation of a normal physiological process.
The link between physiological and path-
ological plasticity has been studied in
most detail with respect to NMDAR-
LTD. Here there is good evidence that
NMDAR-LTD serves a normal physiolog-
ical role in synaptic weakening and elimi-
nation during synaptic development and
for information storage in themature brain
(Collingridge et al., 2010). There is also
emerging evidence that dysregulation of
NMDAR-LTD, leading to its uncontrolled
activation, leads to synaptic injury and
may constitute an initial step in neuro-
degenerative conditions, such as Alz-
heimer’s disease (AD). This idea is
supported by the findings that molecules
that are strongly implicated in the etiology
of AD, such as casapse-3 and GSK-3beta
(Collingridge et al., 2010), and most
recently tau (Kimura et al., 2014), are com-
ponents of the NMDAR-LTD cascade. By
analogy, it seems likely that pathLTD
studied by Zhang et al. (2014) is engaging
a normal physiological process in which
microglia are activated for synaptic strip-
ping as part of the processes of develop-
mental and synaptic plasticity and the
response to brain pathology. In which
case, identifying the regulatory mecha-
nisms that limit synaptic stripping to
when it is required and how these become
dysregulated in acute and chronic
Figure 1. Microglia and Synapse Signaling during LTD
Neuron
Previewsneurodegenerative disorders would seem
to be a priority area of future research.
So how do activated microglia and
neurons communicate? The study by
Zhang et al. (2014) clearly demonstrates
the importance of superoxide. In their
experiments, superoxide is both neces-
sary and sufficient to induce LTD. How-
ever, this molecule is likely to be only
one of a variety of different molecules
that mediate neuron-microglia crosstalk.
Activated microglia release many other
substances that potentially can influence
synapses, including NO, growth factors,
and pro- and anti-inflammatory cytokines
(Kettenmann et al., 2013). Indeed, a
recent study has shown how microglia
may sense glutamate release via intrinsic
NMDA receptors and release a host of cy-
tokines, including TNFalpha, IL-1beta,
and IL-6, as well as NO and superoxide.
In this study, neurotoxicity induced by
NMDA receptor stimulation was pre-
vented by an inhibitor of TNFalpha. Signif-
icantly, conditional knockout of microglial
NMDARs offered substantial neuropro-
tection against ischemic insults, high-
lighting the significant role played by this
cell type in neuronal damage (Kaindl
et al., 2012). The complexity of cytokine
signaling is highlighted in another recentstudy that showed that IL-1beta inhibits
LTD (Nistico` et al., 2014). In this context,
it is perhaps relevant that two of the major
effector pathways of cytokines, PI3K-Akt
(Collingridge et al., 2010) and JAK/STAT
(Nicolas et al., 2012), are integral compo-
nents of NMDAR-LTD. Thus, cytokines
have the capacity to directly influence
LTD via pathways that would be predicted
to promote synaptic survival and synaptic
weakening, respectively. Establishing the
relative roles of cytokines, reactive oxida-
tive species and other factors secreted by
microglia in synaptic weakening and strip-
ping remains a challenge for the future.
The study of Zhang et al. (2014) has
substantially increased our understand-
ing of how microglia may participate in
synaptic plasticity, in particular by
demonstrating the involvement of CR3
in this regulation. There is an interesting
parallel with a previous study from the
Dublin team of Anwyl and Rowan
(Wang et al., 2004) that showed that
the activation of microglia, including the
formation of superoxide, is required for
the acute inhibition of NMDA receptor-
mediated LTP by Abeta oligomers.
These two studies add further weight to
the emerging concept that the signaling
mechanisms that are activated by AbetaNeuto inhibit LTP are the same as those that
are involved in various forms of LTD.
Clearly a greater understanding of the
signaling mechanisms involved in synap-
tic plasticity and how these are modified
during various insults is going to impact
upon the search for improved therapeu-
tic strategies for AD as well as for other
acute and chronic neurodegenerative
disorders. In this context, the role of mi-
croglia needs to be taken fully into ac-
count. Figure 1 presents a scheme that
attempts to link some of the pertinent
LTD signaling cascades within neurons
to the activity of microglia. Clearly, this
is just a start of what is likely to be a
highly complex picture that will need to
take account of both temporal and
spatial aspects of the interaction
between neurons and microglia.
In conclusion, microglia serve essential
physiological functions but are dangerous
beasts if their control mechanisms go
awry. In terms of the pathLTD that has
been characterized in the present article,
it is possible that the removal of AMPA
receptors is part of a neuroprotection
mechanism to limit excessive synaptic
excitation during the neuronal insult.
However, if the synaptic depression is
not reversed, then the microglia turn into
strippers and get down to their business
of eliminating synapses. Strippers serve
an essential function, but they must be
properly regulated.REFERENCES
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Motor variability can facilitate motor exploration necessary for learning. In this issue of Neuron, Woolley et al.
(2014) record at different stages of the songbird basal ganglia and show that social-context modulation of
motor variability first emerges in the pallidum.Whether watching Yuzuru Hanyu jump a
triple axel at the Sochi Olympics or Hillary
Hahn perform Paganini’s violin concerto,
we can’t help but be astounded by the im-
peccable precision of their movements.
These masterful performances, however,
come at great cost to the performers,
who must practice for tireless hours to
reduce the variability of their movements.
For humans, such precision wins them
applause from the critics but for many
animals, performance precision affects
directly whether or not they will be able
to breed. In certain species of songbirds,
for example, females show the strongest
preference for songs that are delivered
with the smallest amount of variability
(Woolley and Doupe, 2008).
Although humans and other animals
often strive for motor precision, a certain
degree of variability is inevitable because
of the stochastic nature of the neural pro-
cesses that lead up to movement genera-
tion. In fact, much effort has been spent
trying to understand how such noise
might be minimized, assuming that it cor-rupts performance (Churchland et al.,
2010). However, motor noise might not
always be a bad thing. During reinforce-
ment learning, for example, there is a
need to balance exploration of the envi-
ronment (e.g., trying out different actions
to see what outcomes they lead to in
order to find the best outcome for the
future) with exploitation of acquired
knowledge (e.g., sticking to the action
that had led to the best outcome in the
past). During the exploration phase,
higher motor variability means a wider
range of sampling that increases the
odds of finding the best way to perform.
During the exploitation phase, motor
variability should be low to aim precisely
for the currently best performance. The
importance of motor variability in human
learning is highlighted in a new study by
Wu et al. (2014), where they show that
subjects can adapt the structure of motor
variability to different tasks and that the
speed with which they learn appears to
be directly proportional to how well vari-
ability matches task demands.Given its importance to learning, the
question of course is where and how
appropriate modulation of motor vari-
ability is implemented in the brain. The
songbird, and the zebra finch in particular,
provides a great model system for ad-
dressing this question. Song production
and learning has well-defined underlying
neural circuits and song performance
directed to females is highly stereotyped,
providing a stable low-variability baseline
to study modulation of motor variability in
other social contexts. In the current issue
of Neuron, Woolley et al. (2014) suggest
that the context-dependent song vari-
ability in zebra finches first emerges in
the pallidum of the basal ganglia, a neural
structure long associated with reinforce-
ment-based motor learning and at the
root of many neurological disorders.
The basic circuit for song production
consists of a ‘‘cortical’’ motor pathway
and a ‘‘basal ganglia’’ pathway that has
striking homologies to basal ganglia tha-
lamocortical circuits in mammals (see
Figure 1). The cortical pathway goes
